The dominance style of both captive and free-ranging rhesus macaques has been described as the most despotic of all macaque species by numerous experts on macaque behavior (Chapais, 2004; de Waal, 1989; de Waal & Luttrell, 1985; Flack & de Waal, 2004; Thierry, 1985 Thierry, , 2000 Thierry, , 2004 . This dominance style is characterized by unidirectional aggression that is directed at subordinate individuals, frequent aggression, strong emphasis on kinship, and infrequent postconflict affiliation (Flack & de Waal, 2004; Thierry, 1985 Thierry, , 2000 Thierry, , 2004 . Conflict asymmetry in dominance relationships is high, and aggression plays a particularly important role in maintaining dominance relationships (Bernstein & Ehardt, 1985; de Waal & Luttrell, 1985; Thierry, 1985 Thierry, , 2000 . Lower level, noninjurious aggression, such as chasing and threatening, serves to maintain social structure, order, and stability within as well as between matrilines (Bernstein & Ehardt, 1985) . However, more severe aggression can result when dominance relationships between individuals become ambiguous-in mating competition and during conflict over resources. In captivity, such ambiguity can occur as a result of changes in management such as the removal of specific animals from an enclosure but, more frequently, is a result of seemingly unpredictable changes in intragroup dynamics (Bernstein & Ehardt, 1985) .
The social housing of captive rhesus in large multimale-multifemale breeding groups in outdoor corrals at many primate facilities simulates the natural social and environmental features of free-ranging rhesus macaques, which enhance both their reproductive performance and their psychological well-being. Yet because rhesus macaques rely so heavily on aggression to mediate their dominance relationships, there is enormous potential for aggression to escalate out of control when social groups become unstable (Bernstein & Ehardt, 1985) , which, especially in the confines of a captive environment, can lead to severe wounding. Adult and juvenile females tend to be the worst instigators/perpetuators of deleterious aggression; when adult males fail to successfully intervene, large outbreaks in aggression can occur, leading to severe wounding and the death of multiple animals. In captive colonies of group-housed rhesus macaques, these severe outbreaks in aggression are known as overthrows or cage wars. Colony managers, on discovery of a cage war, must immediately remove suspected instigators as well as wounded and dead animals. Because of the costly time and effort required to observe enclosures on a basis that would reveal problems brewing in a specific enclosure, colony managers can respond only after the outbreak has occurred. Automated technologies that can remotely monitor enclosures on a continuous basis may aid in predicting patterns of contact aggression that might lead to these types of wounding events and outbreaks.
The use of bioacoustics as a management tool is beginning to receive wide attention in a number of management systems. These range from the use of bioacoustics for measuring biodiversity (Baptista & Gaunt, 1997) , tracking wildlife populations (Baptista & Gaunt, 1997; Catling, Burt, & Kooyman, 1997; George, Zeh, Suydam, 262 MCCOWAN AND ROMMECK & Clark, 2004; McCowan & Hooper, 2002; Van Parijs, Smith, & Corkeron, 2002; Watson, Hays, & Pierce, 1999) , measuring the effects of anthropogenic activities on animal populations (Baptista & Gaunt, 1997; Erbe & Farmer, 2000; George et al., 2004; Owen, Swaisgood, Czekala, Steinman, & Lindburg, 2004; Rabin & Greene, 2002; Rabin, McCowan, Hooper, & Owens, 2003; Snowdon & de la Torre, 2002; Southall, Schusterman, & Kastak, 2003; Sun & Narins, 2005) , and assessing the health status and psychological well-being of domesticated animals and other captive species (Dawkins, 2004; Hewson, 2004; Maria, Villarroel, Chacon, & Gebresenbet, 2004; McCowan, Cardona, DiLorenzo, Jeffrey, & Klingborg, 2005; Schapiro & Bloomsmith, 1994; Watts & Stookey, 2000; Weary & Fraser, 1995; Zimmerman & Koene, 1998; Zimmerman, Koene, & Van Hooff, 2000; Zimmerman, Lundberg, Keeling, & Koene, 2003) . That social behaviors are frequently associated with concomitant vocalizations in many mammalian species, including rhesus macaques (H. Gouzoules & Gouzoules, 1988 , 1990 , 2000 H. Gouzoules, Gouzoules, & Tomaszycki, 1998; S. Gouzoules, Gouzoules, & Marler, 1984; Partan, 2002) , indicates that vocalizations can be readily used as indicators of behavioral patterns and can serve to remotely monitor social interactions and dynamics in several species. In rhesus macaques, aggressive behavior is well known to be associated with certain types of vocalizations, such as threat barks by the aggressor and various screams by the recipient (H. Gouzoules & Gouzoules, 1988 , 1990 , 2000 H. Gouzoules et al., 1998; S. Gouzoules et al., 1984; Partan, 2002) . However, the exact relationship between vocalizations and the escalation in aggressive activity that might lead to wounding remains unknown.
The purpose of this study was to examine the feasibility of using vocalizations as a tool for monitoring changes in patterns of aggressive activity in rhesus macaques that might lead to aggressive outbreaks or cage wars by estimating two things: (a) the magnitude of aggression in rhesus groups, and (b) the concurrence of vocalizations and the level or type of aggressive behavior by rhesus macaques.
METHOD
The magnitude of aggression in our group-housed rhesus macaques was evaluated by estimating the hourly rates of aggression in 10½ acre outdoor enclosures (approximately 70 to 120 individuals per enclosure) over a 3-month period conducted at various times throughout the day using an event-sampling regime (Altmann, 1974) . Data were collected by one trained observer on both contact-hit, slap, bite, shove- (Partan, 2002) and no-contact aggression-head bob, open mouth, direct stare, lunge, chase- (Partan, 2002) . Data were also collected by the same observer on the occurrence of three different patterns of vocalizations: (a) threat barks; (b) screams; and (c) a combination of threat barks MONITORING AGGRESSION IN RHESUS MACAQUES and screams, termed multiple-aggressive vocalizations. This last category was examined under the premise that escalation in aggression should be associated with an increase in the chorusing of vocalizations composed of simultaneous or closely sequential emission of screams and threat barks.
The data collected represent 65 hr of observations (65 sessions, 1 hr each) and more than 770 aggressive/vocal events. Data were collapsed by cage and session and represented the hourly rates of the different vocalizations by cage and session for no aggression, no-contact aggression, and contact aggression. Categorical outcomes (contact or no-contact aggression) were analyzed by rates of vocalizations by type (no vocalizations, threat barks, screams, multiple-aggressive vocalizations) in Stata 9.0 (Stata, 2001) using multinomial logistic regression with cage as the random effect to statistically adjust for differences among groups. The relative risk ratio in this analysis was used to generate relative probabilities that different vocalization types were associated with contact and no-contact aggression and thus an estimate of the magnitude of the difference (certain vocalizations were twice as likely to be associated with contact vs. no-contact aggression).
RESULTS

Rates of Aggression in Rhesus Groups
Rates of aggression in rhesus macaques averaged around 17 events per hour with a standard deviation of 9.5 events per hour, almost equally distributed across contact (slapping, hitting, biting) and no-contact (chasing, lunging) aggression.
Concurrence of Vocalizations With Aggression
A total of 82% of aggressive events occurred with aggressive vocalizations, 11% of aggressive events occurred without aggressive vocalizations, and only 7% of aggressive vocalization events occurred without aggressive behavior.
The rates of different types of vocalizations were also examined in relationship to the type and level of co-occurring aggression. Vocalizations were identified as threat barks, screams, or multiple-aggressive vocalizations (simultaneous emission of threat barks and screams).
All vocalization types were associated with different types of aggression; multiple-aggressive vocalizations were 46 times more likely to be associated with contact aggression than with no aggression (z = 3.30, p < .0001, N = 150) and almost twice as likely to be associated with contact aggression than with no-contact aggression (z = 4.33, p < .0001, N = 150). Screams alone showed no significant differences among the different types of aggression, but threat barks were almost four 264 MCCOWAN AND ROMMECK times more likely to be associated with no-contact aggression than with contact aggression (z = 3.91, p < .0001, N = 150).
Feasibility of Using Vocalizations in an Automated System
Spectrograms of the different vocalization patterns showing the spectral features that discriminate between vocal types are presented in Figure 1 . Note that the energy in threat barks is concentrated at frequencies below 3 kHz, energy in screams is concentrated at frequencies higher greater than 3 kHz, and energy in multiple vocalization types (simultaneous emission of both screams and threat barks) are represented by energy in both frequency bands. These acoustic differences identify one strategy by which one can quantitatively differentiate these aggressive call types from each other. In addition, note that the overlapping sequence of nonaggressive coos calls shown in the fourth panel is very different acoustically (much more tonal with more pronounced harmonic structure) from the aggressive vocalization types.
DISCUSSION
These data confirm that both contact and no-contact aggression is common among group-housed rhesus macaques. They also indicate that vocalizations are robust indicators of aggressive activity in rhesus macaques and that the occur-
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FIGURE 1 Spectrograms of the three major aggressive call types and one common nonaggressive call type. rence of multiple, aggressive vocalizations (overlapping production of screams and threat barks) may be diagnostic of contact aggression. High rates of contact aggression might be indicative of problems in social groups that lead to instabilities, eventually resulting in overthrows or cage wars.
This tool therefore might be used as a first filter to identify potentially unstable social groups that then could lead to enhanced visual monitoring for other signs of problematic behavior. In combination, such a monitoring system, linked to a paging system, could allow early intervention in severe outbreaks of contact aggression and perhaps even help to prevent more serious cage wars if they follow these severe outbreaks.
The potential for vocalizations to be used in an automated detection system, however, will depend on the ability to accurately and precisely detect and classify these rhesus vocalizations into their respective types. The preliminary data provided by this study suggest that the vocalization types are highly distinguishable and should be discriminated, using relatively simple spectral and temporal features (Figure 1 ).
Bioacoustics has potential as a predictive indicator for aggressive outbreaks in group-housed rhesus macaques that might be used to determine when increased visual monitoring is needed and when intervention is appropriate. Bioacoustics provides a promising avenue for further research and application in primate behavioral management.
